A publications quality indicator called high-ranked citations percentage (HCP) is based on an idea that good papers are well cited. HCP was computed as a portion of cumulative citations concerning well cited papers from the total number of citations of an individual. The h-index was used to separate the well cited papers from the others. A testing dataset was composed of researchers who worked in various fields and at various institutions. Their research outputs were characterized by the h-index (h), the number of papers (P), the number of citations (C) and self-citations taken from the Web of Science (WoS). Unlike the h-index, HCP as a relative indicator does not underestimate researchers with shorter or interrupted research careers and does not depend on research fields. The scatter plot of HCP and the h index was employed for ranking of individuals into 4 groups according to its quadrants. The best performing authors had HCP above 70% and h above 15.
Introduction
Research performance has been evaluated for many reasons according to objective metrics of productivity and citation impact (Mingers and Leydesdorff 2015) . The first category consists of the number of research outputs, such as papers, books, reports, chapters in books, patents (Nagpaul and Roy 2003; Praus 2018) , economic and commercial parameters (Abramo and D'Angelo 2014) and so forth. The second category is based on citations, which can be counted separately (Vieira and Gomes 2010; Zhou et al. 2018) or in combination with the number of papers (Abramo et al. 2013) .
The very common and widely used research indicator is the h-index, which was defined by Hirsch (2005) and is a simple measure of citations and research productivity. However, the index has many drawbacks, such as its dependence on the age of researchers and their career continuity, type of scientific fields, no sensitivity to single papers with many citations, and it also underestimates researchers with a selective publication strategy. The last mentioned reason means publication of a low number of papers but with high scientific impact (Costas and Bordons 2007) . This strategy is important especially nowadays when journals are overloaded with manuscripts not only due to the well know phrase "publish or perish" but because, for example, the funding institutions often prefer researchers with a lot of papers and citations (Fiala et al. 2017 ).
Many of the h-index modifications have been developed in order to overcome these drawbacks, such as g-index (Egghe 2006) , crown index (Waltman et al. 2011) , entropy index (Silagadze 2010 ) and many others (Abdi and Williams 2010; Alonso et al. 2009; Bornmann et al. 2011; Mingers and Leydesdorff 2015; Ronda-Pupo 2017; Schreiber 2010; Schreiber et al. 2012) . Although the h-index is still debatable, it is very popular in the scientific community and its computation is currently provided by publication databases, such as WoS, Scopus and Google Scholar. In the current practice scientists from various fields are often compared based on their numbers of papers and citations and also the h-indexes. The h-index has been used to measure research productivity of not only individual researchers but also departments, universities, research institutes (Da Luz et al. 2008; Lazaridis 2010 ) and journals (Schubert and Glänzel 2007) .
The aim of this paper was to compensate for the above mentioned drawbacks of the h index by defining an indicator that would be as simple as possible and complementary to h. For this purpose, the percentage of citations contributing to the h-index was computed and tested using the publication data of researchers working in different scientific fields at various institutions. In this way, h-core papers and corresponding citations were separated and related to the total citations. The effort to select "elite" papers was also described by e.g. Vinkler introducing the π V index (Vinkler 2010) .
Methodology

Dataset
The test dataset was composed of 93 randomly selected researchers of different age and gender working in different research fields, such as chemistry (30), physics (19), materials sciences (15), biology (9), mathematics (11) and informatics (9) at universities and research institutes. The largest group of chemists contained 14 researches working in fields related to chemical engineering. The researchers performed fundamental and applied research and published their papers in various journals indexed in WoS.
The research indicators were the h-index, the number of papers, the number of citations and self-citations provided by the Web of Science. The summary statistics of the indicators is given in Table 1 . The self-citation percentage (SCP) was computed as where C tot and C self are the total citations and self-citations, respectively. HCP was defined as follows
where C h,tot stands for the citations of h-core papers.
Principal component analysis
Principal component analysis (PCA) looks for new latent variables of n samples, which are orthogonal (not correlated) to each other (Wold et al. 1987) . Each latent variable-principal component is a linear combination of p variables x i and describes a different source of total variation where X(n × m) is the data matrix, T(n × p) and W(m × p) are the matrices of principal components scores and loadings, respectively, and E(n × m) is the residual matrix. Classical PCA can be performed by the eigenvalue decomposition of a correlation matrix. Robust PCA (RPCA) can be performed by the eigenvalue decomposition of an estimated correlation matrix with the lowest possible determinant computed by means of a minimum covariance determinant (MCD) algorithm Hubert and Debruyne 2009; Rousseeuw and Driessen 1999) . It was computed by means of a subroutine (mcdcov) in MATLAB, see below.
Mahalanobis distance
The Mahalanobis distance of a variable x i can be computed as where μ is the mean vector of n variables x i , x is the row vector of variable x i and C is the covariance matrix. The robust Mahalanobis distance of the variable x i can be computed as where x is the row vector of variable x i , μ M is the MCD estimation of location, Σ is the MCD estimated covariance matrix. The MCD estimator is considered to be a highly robust estimator of multivariate location and scatter. 
Statistic computations
A raw data matrix of 93 researchers was set up and processed in MS Excel. Univariate and multivariate statistical computations were performed using the software packages QC.Expert (Trilobyte, Czech Republic) and XLSTAT 2018 (Addinsoft, Boston, USA). The MCD estimators were calculated by means of the LIBRA MATLAB Library (Verboven and Hubert 2005) using MATLAB R2015b (MathWorks, USA). The statistical computations were performed at the significance level α = 0.05.
Results and discussion
Definition of HCP
The HCP definition was based on the assumption that the top papers could be identified according to the high number of their citations. Therefore, the most cited papers of individual researchers were separated from the others and their total (cumulative) citations were computed. The separation was performed using the h-index. The total citations of h-core papers including short papers and reviews were taken from the citation reports provided by WoS. HCP was computed according to its definition in Eq. (2). The mentioned sorts of papers were preferred to proceeding papers because conference proceedings are often collections of papers presented at conferences and are published in special books and/or on web sites. However, when conference papers are published as journal articles they have to go through a rigorous and demanding review process (Kampourakis 2017). Such papers indexed by the WoS as regular research papers were included in this study.
Since HCP is to be complementary to h, C tot was expressed according to Hirsch (2005) as follows where a is the proportional constant, c stands for the citations per year and p stands for the number of papers published per year. This model supposes that each published paper earns c new citations per year. A similar model was employed for the h-core papers in analogy to C tot as where b is the proportional constant and a ≤ b. Combining Eqs. (2), (6) and (7) we obtain Equation (8) implies that HCP is independent of h and dependent on citations (c) and papers (p) per year via the constants a and b. Both proportional constants were computed for all 93 researchers: a = 3.4-3.7, r a = 0.954 and b = 2.1-2.4, r b = 0.884 (r stands for the regression coefficient of relations C vs. h 2 ). The Hirsch linear model holds well for C tot as
well as for C h,tot . The constants a values were in agreement with those of a = 3-5 referred to by Hirsch (2005) ; b/a = 0.58-0.69 was close to the HCP mean values given in Table 1 . Since the constants a and b were specific for each researcher, their ratio b/a allowed them to be distinguished from each other as shown in the scatter plots demonstrated in Figs. 1 and 3 (see below). In addition, the different values of the constants a and b indicate that the citations of the top h-core papers grow by a different mechanism than the citations of other papers, which could be further investigated. The relations between h and C and P were already described in several papers e.g. Iglesias and Pecharromán (2007) and Schubert and Glänzel (2007) .
Relationships between HCP and other indicators
The relationships between HCP and other indicators were investigated by means of the robust principle component analysis. In general, PCA is a comprehensive statistical method that processes multivariate data, in this case, characterized by 5 variables indicators. RPCA was preferred to PCA due to non-normally distributed variables and the presence of outliers in the dataset. RPCA was performed by the eigenvalue decomposition of the covariance matrix obtained by the MCD estimator. Two robust principal components (RPCs) explaining together 85% of the total data variability were extracted. Relations among the indicators are demonstrated by the RPCs weights listed in Table 2 . The 1st RPC (RPC1) was mainly composed of mutually correlated h, C tot and P. The 2nd RPC (RPC2) was mainly composed of HCP negatively correlated with SCP. The significant correlation of h and C tot is in consistency with Eq. (6). The fact that HCP and SCP correlated negatively can be explained by an effort of some researchers with lower HCP values to enhance their citation scores by self-citations.
HCP does not theoretically depend on the h-index according to Eq. (8) and, thus, its independence of P was expected. The reason is that h depends on the publication history (Hirsch 2005 ) and assuming continual publication activity, it should depend on the number of papers as well. However, their weak but significant negative correlation with the number of papers was found, which can be explained by the publication of infrequently cited papers. At present, researchers are forced by funding systems, universities and research institutions to publish many papers, some of which are redundant and not interesting for readers. The relationships discussed above were confirmed in terms of rank Spearman's correlation coefficients listed in Table 3 .
In Fig. 1 each researcher was labelled by her/his order in the dataset. The numbers in circles indicate 19 outliers detected by means of the robust Mahalanobis distances, see below. The locations of individual researchers in the scatter plot can be explained using the RPC weights listed in Table 2 . Since only the HCP had its negative weight in RPC1, the negative values of this component were due to high HCPs. The negative values of RPC2 were due to high SPCs.
Therefore, the researchers with the best results are located in the 1st quadrant of the scatter plot. They exhibited high C tot and P and had high HCPs as well. For example, the researcher 49 exhibited HCP of 94.04% and SCP of 4.05% and h of 28. On the contrary, the individuals in the 3rd quadrant were represented by negative RPC1 and RPC2 scores, which means that HCP as well as SCP were of high values. For example, the researcher 63 was characterized by HCP of 82.22%, SCP of 37.78% and h = 6. The researcher 40 had lower HCP (57.65%) and lower SCP (27.06%). In both examples, the SCP values were higher than the mean of 14.21% (Table 1) .
The individuals in the 2nd quadrant presented low SCP and high HCP and low C tot and P and those in the 4th quadrant presented a lot of papers and citations but probably with the help of self-citations. One example again, the researcher 23 had HCP of 42.25%, SCP of 41.98% and h = 37. In this case the SCP was highest of all of the researchers. Since the RPCs were defined as the combinations of all of the indicators, their interpretations were not sometimes clear and unambiguous. A simpler scatter plot composed only of HCP and h was described further.
The RMD cut-off limit for the detection of outliers was set at √ X 2 5,0.975 = 3.582 for the 97.5% quantile. The outliers were the researchers with low h (40, 63) and low HCP (57), high HCP (49, 52) and high P, C tot and h, e.g., h ≥ 24 (rest of the outliers). It is noticeable that the outliers were from various research fields. For comparison, the constants a and b were computed from the data without the outliers: a = 3.0-3.2, r a = 0.954 and b = 2.0-2.3, r b = 0.920. One can see that the constants were similar to the previous ones and the correlation coefficient concerning b increased.
Distribution of HCP
All the indicators were also examined in terms of their statistical distributions. Only HCP was proved to be normally distributed (Shapiro-Wilk test p = 0.541, Anderson-Darling test p = 0.897, Lilliefors test p = 0.865, Jarque-Bera test p = 0.675, Kolmogorov-Smirnov test p = 0.774). This indicates that HCP values were distributed randomly and their no dependence was found. In addition, the normal distribution of HCP within the research fields was also confirmed, see Table S1 .
For illustration, the histograms of HCP and SCP are demonstrated in Fig. 2 . The red curves indicate normal distributions. Unlike HCP, SCP was far from normality and the range of SCP from 1 to 42% was surprisingly broad. The reasons are not straightforward. The very high SCP of more than 30% can be caused by work in unique and/or narrow research fields in which few scientists are publishing, for instance, in mathematics. On the other hand, it can indicate the existence of citation groups artificially increasing their citation scores by self-citations as already mentioned. Unfortunately, the second mentioned reason is not rare in the scientific world (Yu et al. 2009 ) and leads even to the manipulation of journal impact factors (Hemmingsson et al. 2002) .
Dependence of HCP on research fields
The dependence of all the indicators on the research fields was statistically tested using non-parametric Kruskal-Wallis's test by ranks, which is often used as a non-parametric alternative to the analysis of variance (ANOVA). In the case of relative indicators HCP and SCP and also P, no significant dependence was found. However, it did not hold for C tot and h. It can be demonstrated by the p values of HCP and the h-index, which are listed in Table 4 .
Kruskal-Wallis's test of the HCP values in the research fields proved that their mean ranks were identical (p = 0.502), see Table S2 (Supplementary materials). It indicates that Table S1 as well. The Kruskal-Wallis's test results were verified by Sheffe's test, which confirmed that differences between the HCP means of the individual research fields were insignificant. Summary statistics of HCP and h is listed in Table S3 .
It is not surprising, taking into account the sizes of communities of mathematicians, biologists and chemists. It is reasonable to think that a larger number of readers make a larger number of citations. The h-indexes as well as the citations in the fields related to mathematics, such as informatics and physics, were similar. As already mentioned, the number of papers was also independent of the fields. This implies that publication activity was an individual feature of each researcher.
Evaluation of researchers according to HCP and h-index
The RPCs were shown to be saturated by h, C tot and P in RPC1 and HCP and SCP in RPC2, respectively. Since the h-index significantly correlated with C tot and P and HCP with SCP (Table 3) , only h and HCP were further used for the researchers' evaluation in analogy with the scatter plot in Fig. 1 . The scatter plot in Fig. 3 was easier for the interpretation of each individual than the RPCs one in Fig. 1 .
HCP ranged from 40.23 to 96.15% and h from 4 to 39. Both indicators were divided into 2 categories: above and below their medians. The median of the h-index was 15 and that of HCP was 70.41%. They were indicated by horizontal and vertical lines dividing the researchers into 4 groups located in the quadrants. The individuals 23 and 49 were detected as outliers by using the Mahalanobis distances with the cut-off limit √ X 2 2,0.975 = 2.716
( Fig. 3) The researchers placed in the 1st quadrant having HCP and the h-index above 70% and 15, respectively, are of the best performance. Individuals in the 2nd quadrant had HCP above 70%, but with h below 15 should be considered very good. They have fewer papers but well cited and are often underestimated in comparison with the previous ones. In the 4th quadrant there were individuals with a high number of papers but with fewer citations. The individuals in the 3rd quadrant with h below 15 and HCP below 70% could think about a change of their publication strategy. The combination of HCP and the h-index gives us information about the quality of publications, not only about their quantity. In this short study, HCP was computed as the proportion of h-core citations to all citations of selected individuals. However, the HCP definition could be taken more generally and the high-ranked citations could be determined using other bibliometric indicators, for example, the g-index. For the g-index it holds g ≥ h and g-ranked citations resemble more the overall feeling of "visibility" or "life time achievements" than h-ranked ones (Egghe 2006) . Since the g-index is proportional to the h-index (Costas and Bordons 2008) , HCP defined according to the g-index in line with Eqs. (6) and (7) should be also independent of it. In addition, there are a lot of other variants of the h-index, such as the A-index, R-index, m-index etc. (Abdi and Williams 2010; Alonso et al. 2009; Schreiber et al. 2012) , which could be also used in a next more comprehensive study for the evaluation of researchers from different fields according to HCP.
Conclusions
The HCP indicator was derived in order for us to obtain an objective indicator of publications quality of individual researchers. The Hirsch model of the relationship between C tot and h was used for the HCP definition. The model was empirically verified based on the citation data of 93 researchers from different fields and different institutions. HCP along with other indicators, such as h, C tot , P and SCP, were used for the evaluation of the researchers' publication results.
The robust mean values of all the indicators were, for example, 14.5 for the h-index, 72% for HCP and 13% for SCP. Robust principle component analysis as well as the rank correlation matrix showed relationships among HCP and the other indicators. The principal HCP and h were statistically confirmed to be independent and complementary. Unlike the h-index, HCP does not underestimate researchers with short or interrupted research careers and does not depend on research fields. HCP was found to negatively correlate with SCP and P, which both indicate the excessive amount of self-citations and few cited papers. HCP along with h were used for the evaluation of individuals by means of the scatter plot, in which they were distributed into 4 groups according to the quadrants. The best performing authors had HCP above 70% and the h-index above 15.
It can be concluded that HCP should be employed for the individuals' evaluation especially in combination with the h-index. Both indexes can bring a non-biased view of the quality of research work based on publications and their citations. In the future survey, the application of HCP based on the h-index and other bibliometric indexes concerning different research fields will be studied.
